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Nanotechnology, nanomedicine and nanotoxicology

are complementary disciplines aimed at the betterment

of human life. However, concerns have been expressed

about risks posed by engineered nanomaterials

(ENMs), their potential to cause undesirable effects,

contaminate the environment and adversely affect

susceptible parts of the population. Information about

toxicity and biokinetics of nano-enabled products com-

bined with the knowledge of unintentional human and

environmental exposure or intentional delivery for

medicinal purposes will be necessary to determine real

or perceived risks of nanomaterials. Yet, results of toxi-

cological studies using only extraordinarily high exper-

imental doses have to be interpreted with caution. Key

concepts of nanotoxicology are addressed, including

significance of dose, dose rate, and biokinetics, which

are exemplified by specific findings of ENM toxicity,

and by discussing the importance of detailed physico-

chemical characterization of nanoparticles, specifically

surface properties. Thorough evaluation of desirable

versus adverse effects is required for safe applications

of ENMs, and major challenges lie ahead to answer

key questions of nanotoxicology. Foremost are assess-

ment of human and environmental exposure, and bioki-

netics or pharmacokinetics, identification of potential

hazards, and biopersistence in cells and subcellular

structures to perform meaningful risk assessments. A

specific example of multiwalled carbon nanotubes

(MWCNT) illustrates the difficulty of extrapolating

toxicological results. MWCNT were found to cause

asbestos-like effects of the mesothelium following

intracavitary injection of high doses in rodents. The

important question of whether inhaled MWCNT will

translocate to sensitive mesothelial sites has not been

answered yet. Even without being able to perform a

quantitative risk assessment for ENMs, due to the lack

of sufficient data on exposure, biokinetics and organ

toxicity, until we know better it should be made man-

datory to prevent exposure by appropriate precaution-

ary measures ⁄ regulations and practicing best industrial

hygiene to avoid future horror scenarios from environ-

mental or occupational exposures. Similarly, safety

assessment for medical applications as key contribution

of nanotoxicology to nanomedicine relies heavily on

nano-specific toxicological concepts and findings and

on a multidisciplinary collaborative approach involving

material scientists, physicians and toxicologists.

Keywords: biokinetics, dose, exposure, hazard, inhala-

tion, risk.

Introduction

Nanotoxicology and nanomedicine

This article will discuss concepts of nanotoxicology

that are relevant for safety assessment and develop-

ment of industrial and medical applications of nano-

technology. Ideally, toxicologists and physicians will

work close together to assure the safety of nano-

enabled medical procedures. NIH [1] characterized

nanomedicine as an offshoot of nanotechnology which
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refers to highly specific medical interventions at the

molecular scale for curing disease or repairing dam-

aged tissues, such as bone, muscle or nerve. The

European Science Foundation (ESF) [2] had defined

nanomedicine as the science and technology of diag-

nosing, treating and preventing disease and traumatic

injury, of relieving pain, and of preserving human

health using molecular tools and molecular knowledge

of the human body. ESF identified five main areas: (i)

analytical tools, (ii) nanoimaging, (iii) nanomaterials

and nanodevices, (iv) novel therapeutics and drug

delivery systems and (v) clinical, regulatory and toxi-

cological issues. Nanotoxicology was tentatively

defined as the science of engineered nanodevices and

nanostructures that deals with their effects in living

organisms [3], emerging from the toxicology of air-

borne ultrafine particles and gaining increasing impor-

tance with the growth of nanotechnological

applications. When adapting the existing definition of

‘toxicology’ of the Society of Toxicology [4] to

nanomaterials one would describe nanotoxicology as

the study of the adverse effects of engineered nano-

materials (ENMs) on living organisms and the eco-

systems, including the prevention and amelioration of

such adverse effects. Thus, the importance of nano-

toxicology for nanomedicine is obvious, as is that of

toxicology for medicine in general. This article

focuses mainly on the respiratory tract as portal of

entry for environmental or occupational airborne

nanomaterials or delivery of nano-enabled drugs as

medicinal aerosols, yet comparisons to parenteral

(intravenous) administration are also addressed.

A need for nanotoxicology

The ever increasing manufacturing and use of ENMs

[5], specifically in the form of nanoparticles (NPs) of

spherical and fibre-like shapes, for diverse industrial

and biomedical applications as well as in consumer

products, has raised serious concerns about their

safety for human health and the environment. Their

potential to cause undesirable health effects, in partic-

ular adversely affect susceptible parts of the popula-

tion, contaminate the environment resulting in

unforeseen deleterious consequences is seen as alarm-

ing and calls for preventive actions continue to be

repeated (e.g., [6–8]). As well, concepts of nanotoxi-

cology aimed at identifying potential hazards are also

applicable for safety evaluation in nanomedicine for

applications of nanotechnology-based therapeutics and

diagnostics. The small sizes of engineered NPs

(<100 nm in at least one dimension) are associated

with highly desirable properties (e.g., mechanical,

electrical, chemical) for specific uses; yet these same

desirable properties are also likely to be associated

with unwanted greater biological ⁄ toxicological reac-

tivity. Although an increased toxicity of some NPs in

comparison with chemically identical larger particles

has been recognized almost two decades ago [9], it is

only more recently that the urgency for devoting

greater efforts to assess the safety of ENMs has been

called for by a major scientific organization [7].

Indeed, more information about the potential toxicity

of ENMs and about intentional and inadvertent human

and environmental exposures will be necessary to

determine real or perceived risks of ENMs.

Table 1 summarizes some of the differences between

NPs (<100 nm) and larger particles (>500 nm) that

impact their biological ⁄ toxicological effects when

taken up via the respiratory tract. Because there is no

biologically plausible reason for a strict borderline of

100 nm that separates NPs from larger particles, a

‘grey’ zone between 100 and 500 nm is left open in

this table. For example, data show that even 240 nm

polystyrene particles can act like NPs and translocate

across the alveolo-capillary barrier in the lung when

they are coated with phospholipids [10].

Differences in physico-chemical properties between

NPs and larger particles determine their behaviour as

aerosol, their biodistribution in the body following

translocation from the portal of entry, their cellular

interactions, and their effects, as indicated in Table 1.

Whereas many of the effects at the organ of entry, the

respiratory tract, can be the same for both particle

sizes, secondary organs are affected differently. How-

ever, translocation to secondary organs of larger parti-

cles from the respiratory tract via uptake into

pulmonary lymphatics and blood circulation has been

observed under conditions of lung particle over-

load and an associated inflammatory state. What
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distinguishes NPs from their larger counterparts are

new concepts of dose, a major influence of physico-

chemical properties and unusual biokinetic behaviour

which will be discussed in the next sections, followed

by some closing comments on NP safety assessment.

Dose concepts

Dose-metric

Dose–response relationships for particulate materials

require special attention in nanotoxicological research

in part because the use of mass as a conventional and

traditionally used metric of dose may be insufficient.

Exposure and air quality standards for particles are

conveniently based on and expressed by mass. For

example, the 24 h US National Ambient Air Quality

Standard for fine particulate matter (PM2.5 = airborne

particles <2.5 lm) is 35 lg m)3. This relatively low

concentration would represent a huge concentration

for ambient ultrafine particles (�20 nm) with number

concentrations far exceeding 1 · 106 particles cm)3.

Thus, whilst it is appropriate that ambient air pollu-

tion standard for PM or limit values for occupational

exposures to particulate compounds are given as mass

concentrations, it may not be meaningful for NPs or

ultrafine particles. For airborne ultrafine or NPs the

accuracy of measuring the generally to be expected

low mass concentrations down to a level of a few

lg m)3 can be rather poor, even a small amount of

Table 1 Nanoparticles versus larger particles: characteristics, biokinetics and effects (respiratory tract as portal of entry)

Nanoparticles (<100 nm) Larger particles (>500 nm)

General characteristics

Ratio: number ⁄ surface area per volume High Low

Agglomeration in air, liquids Likely (dependent on medium: surface) Less likely

Deposition in respiratory tract Diffusion: throughout resp. tract Sedimentation, impaction, interception;

throughout resp. tract

Protein ⁄ lipid adsorption in vitro Yes; important for biokinetics Less effective

Translocation to secondary target organs

Clearance Yes Generally not (to liver under ‘overload’)

Mucociliary Probably yes Efficient

Alv. macrophages Poor Efficient

Epithelial cells Yes Mainly under overload

Lymphatic circulation Yes Under overload

Blood circulation Yes Under overload

Sensory neurons (uptake + transport) Yes No

Protein ⁄ lipid adsorption in vivo Yes Some

Cell entry ⁄ uptake Yes (caveolae; clathrin; lip. rafts; diffusion) Primarily phagocytic cells

Mitochondria Yes No

Nucleus Yes (<40 nm) No

Direct effects (caveat: chemistry and dose!)

At secondary target organs Yes No

At portal of entry (resp. tract) Yes Yes

Inflammation Yes Yes

Oxidative stress Yes Yes

Activation of signalling pathways Yes Yes

Primary genotoxicity Some No

Carcinogenicity Yes Yes

G. Oberdörster | Symposium: Nanotoxicological concepts

ª 2009 Blackwell Publishing Ltd Journal of Internal Medicine 267; 89–105 91



larger particles can easily distort the measurement.

For example, a mass concentration of 10 lg m)3 of

20 nm particles of unit density contains 2.4 · 106 par-

ticles cm)3 of air (Table 2), and contamination with

just seven 5 lm additional particles (unit density) per

cm3 already doubles this concentration to 20 lg m)3.

Thus, in this case, a dose-metric expressed as particle

number would make more sense. In contrast, conclu-

sions from toxicological studies are that neither NP

mass nor NP number but NP surface area is the most

appropriate dose-metric for comparing the effects of

NPs of different sizes and different types [3, 11–13],

although some investigators dispute this conclusion

[14, 15]. Considering that it is the particle surface

properties that interact with tissue and cellular compo-

nents provides meaningful biological plausibility to

NP surface area as dose-metric. However, at the

moment surface area may just be a surrogate for a

better metric, i.e., biologically available surface area

or surface reactivity. Additional studies are required to

define this metric more precisely. In this context, the

role of biosolubility also needs to be considered.

Dosimetry

Toxicological studies most often use mass doses of

NPs that the investigators describe as being low; they

are then excited when they observe significant effects

without realizing that the applied doses have no rele-

vance to real-world conditions. This is of particular

concern when in vitro studies are performed with cells

of secondary target organs and concentrations are

used that exceed doses that are deposited under realis-

tic exposure conditions even in the respiratory tract as

the primary organ of exposure. A case in point is a

study on oxidative stress induction of microglia by

doses of well characterized nano TiO2 at 25 lg mL)1

and higher [16]. Whilst this result represents an inter-

esting hypothesis forming finding, an extrapolation to

real-world exposure scenarios is not possible given

that the dose administered to the microglia cells was

already greater than will be received by alveolar mac-

rophages in the lung following 24 h of inhalation at a

high concentration of 1 mg m)3 [17]. Considering

furthermore that only 1% or 2% of the NPs deposited

in the lung may translocate to the blood circulation,

and of that none, or <1%, may translocate to the CNS

[18], the relevancy of results from unrealistic high

in vitro doses for real-world in vivo conditions should

be seriously questioned.

A similar argument can be made for in vivo studies

where high NP doses are used, particularly if these

doses are administered as a bolus, for example, instil-

lation- or aspiration-type delivery to the respiratory

tract. The dose rate in such cases is extremely high,

i.e., the dose is delivered within about a second in

contrast to realistic inhalation exposure which may

take hours, days, or even weeks to deliver the same

dose. Nevertheless, results from such studies can be

very valuable as proof of principle studies, yet results

should subsequently be confirmed by realistic inhala-

tion studies. Still, highly excessive bolus-type doses

should be avoided, results are likely to be misinter-

preted by the popular nonscientific press. An example

is an intranasal instillation study with a total dose of

7.5 mg of nano TiO2 instilled intranasally into mice

(equivalent to instilling �17.5 g into the nose of

humans!) that resulted in significant oxidative stress

and inflammation in the brain [19]. This study was

subsequently featured as a scientific highlight (NPs

damage brain cells) and misrepresented as an inhala-

tion study [20].

Incubating epithelial cells of the respiratory tract (pri-

mary or cell-lines) in vitro with high doses of NPs is

often justified with the presence of ‘hot spots’ of

deposition of inhaled particles at bifurcation sites of

the conducting airways [21]. Indeed, such ‘hot spots’

Table 2 Particle mass, number, and surface area: comparing
different particle sizes of airborne concentration of
10 pg cm)1 (unit density particles)

Particle diameter

(nm)

Particle number

(N cm)3)

Particle surface

area (lm2 cm)3)

5 153 000 000 12 000

20 2 400 000 3016

250 1200 240

5000 0.15 12
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for larger particles in the tracheobronchial region can

increase local deposited doses several hundredfold

(Fig. 1); however, for NPs enhanced deposition

at these bifurcational ‘hot spots’ ranges from about

5-fold (for an area of 3 mm · 3 mm = )0.09 cm2) to

about 60-fold maximally (for an area of 0.1 mm ·
0.1 mm = 0.01 cm2) [22]. These limits of deposition

enhancement at these ‘hotspots’ should be considered

when several orders of magnitude higher in vitro

doses are used and justified by the presence of

‘hotspots’ in vivo. For a small 96 well plate in vitro

system with a total area of �0.4 cm2 the enhancement

would be only about 2-fold. Very high doses for stud-

ies with alveolar epithelial cells are even less justified,

because for the alveolar region, inhaled NPs do not

experience any enhanced deposition as diffusional

deposition of the NPs at the low flow rate in the alve-

olar region is independent of spatial orientation of

alveoli (Fig. 2) whereas larger particles experience

uneven deposition in the alveoli due to gravitational

settling and thereby may form ‘hot spots’ [23].

Physico-chemical properties

Table 3 lists some physico-chemical properties of NPs

that impact on their biological ⁄ toxicological activity.

Only some of these are discussed here. Agglomeration

and aggregation (Fig. 3) both in liquids or in air deter-

mine the actual particle size for NP-biointeractions or

the deposition-site and -efficiency in the respiratory

tract upon inhalation. Their measurement is essential

for the interpretation of toxicological results because

size is a key factor with respect to translocation across

cell barriers or along neuronal pathways (Table 1).

Likewise, mechanisms of cell entry seem to range from

diffusion across cell membranes for the smallest NPs

[24] via caveola, clathrin-coated pit or lip raft mediated

uptake [25]. Entry via the nuclear pore complex (NPC)

into the cell nucleus is restricted to the functional NPC

diameter of 39 nm [26].

A study by Jiang et al. [27] showed that crystal struc-

ture can have a significant impact on NP reactivity,

using as model TiO2 NPs. Different sizes of anatase

(3–200 nm), rutile, and amorphous TiO2 as well as

TiO2 of different ratios of mixed crystallinity were

compared with regard to their capacity to induce ROS

in a cell-free phosphate buffer assay. Results showed

a ranking from highest to lowest activity as amor-

phous > anatase > anatase ⁄ rutile mixture > rutile.

Fig. 1 Increased deposition of inhaled particles at carinal
ridges of the generations 3–4 of the human tracheobronchial
airways. Depending on the size of small square ‘hotspots’
with side-lengths ranging from 0.1 to 3 mm, the enhanced
deposition for 1–100 nm particles amounts to about 5-fold
(smallest patch size for 1 nm NPs) to about 60-fold (largest
patch size for 100 nm NPs) of the average deposition in these
airways. In contrast, enhancement factors for larger particles
can reach values close to 500-fold (Reproduced from
Baláshazy et al. 2003 [22] with permission, original figure 3).

Table 3 Physico-chemical NP properties of relevance for
toxicology

Size (airborne, hydrodynamic)

Properties can change

– with method of production

preparation process

storage.

– when introduced into

physiol, media, organism.

Size distribution

Shape

Agglomeration ⁄ aggregation

Surface properties

Area (porosity)

Charge

Reactivity

Chemistry (coatings,

contaminants)

Defects

Solubility (lipid, aqueous, in vivo)

Crystallinity

9>>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>>;
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Furthermore, the ROS-inducing capacity normalized

to NP surface area showed a surprising dependence

on size: anatase NPs between 3 and about 10 nm had

about the same ROS-inducing capacity per unit sur-

face area, followed by a steep increase between 10

and 30 nm and then a constant but greater ROS

induction per unit surface area between 50 and

200 nm (Fig. 4). The authors suggested that this find-

ing is due to the number of defects per unit surface

area which is greater for the larger as compared to the

smaller anatase NPs. A subsequent study by Han

et al. [28] showed in an in vivo assay in rats that the

pulmonary inflammation inducing capacity of these

anatase NPs showed a similar pattern when inflamma-

tion was expressed per unit of anatase surface area.

The concept of using a surface area based response-

metric for prediction of in vivo NP hazard by a

simple in vitro assay will be discussed later in this

paper.

NP biokinetics

Portal of entry and translocation pathways

This article is restricted to the respiratory tract as por-

tal of entry for airborne NPs. Knowledge about the

biokinetics of NPs is an important component of

dosimetry, it provides information about internal

Fig. 2 Deposition efficiencies (%) and deposition patterns on alveolar walls for inhaled 10, 100 and 1000 nm particles (Dp) and
five different spatial orientations (a–e) of alveoli relative to the gravity vector (g). Due to efficient diffusional deposition, there are
no ‘hot spots’ for particles up to about 100 nm, whereas there are increasing ‘hot spots’ with increasing particle sizes above 100 nm
(Reproduced from Baláshazy et al. (2008) [23] adapted with permission from Informa Healthcare [Inhalation Toxicology]).
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exposure and doses for secondary organs including

accumulation, retention and clearance rates. Informa-

tion about NP biokinetics is in particular also neces-

sary for the design of in vitro studies to identify

sensitive target organs and to justify selection of NP

concentrations in cell culture media when studying

effects and mechanisms in cells of a specific target

organ. For example, when exposing cultures of neuro-

nal or cardiac cells to NPs. The tendency of NPs to

translocate from the primary site of deposition to sec-

ondary organs has been well established, although

there appears to be a misconception that such translo-

cation is rapid and involves large amounts of all NPs

deposited at the portal of entry. On the contrary, inha-

lation studies in rats using 15 and 80 nm iridium NPs

have shown that only �1–2% of NPs translocated

from the lung to extrapulmonary organs [29–31]. As

discussed by Kreyling et al. [32] it is possible though

that greater fractions of smaller NPs (1–4 nm) translo-

cate to secondary target sites, based on information

from earlier studies with actinide oxide NPs [33, 34].

Another misconception is the assumption that the bio-

distribution of intravenously administered NPs is the

same as that of NPs entering the blood circulation via

translocation from the respiratory tract or other portals

of entry (GI-tract, skin). Rinderknecht et al. [35]

administered to rats either by intratracheal microspray

or intravenous injection different sizes of gold NPs

(5; 50; 200 nm) with different surface modifications

[citrate; albumin; polyethyleneglycol (PEG)]. They

showed that biodistribution to extrapulmonary organs

is modified by all three factors: particle size, surface

modification and the portal of entry. For example,

5 nm albumin-coated gold NPs when intravenously

injected were retained preferentially in the liver,

whereas after intratracheal administration of the same

NPs more of them were retained in the bone marrow

rather than the liver. Also, as discussed above, a mini-

mal translocation from the lung to the blood of less

than 1% over a 24 h period was confirmed; blood

concentrations were only between 3 and 20 ng mL)1

despite the administration of a high dose of 50 lg to

the lung, which again underlines the need to consider

realistic low doses for the design of in vitro studies

with cells from extrapulmonary target organs.

Fig. 5 illustrates fundamental differences in NP transfer

routes to blood and body organs when NPs are adminis-

tered either into the respiratory tract or intravenously.

Whereas dose and dose rates associated with NP

administration by direct intravenous injection are obvi-

ously very high, both dose and entry rate of NPs from

lung deposits into the blood compartment (arterial) are

low. Thus, NPs delivered to the respiratory tract enter

the blood compartment not only at different dose levels

and different dose rates than directly i.v. injected NPs,

but also into blood of different oxygenation states

(arterial versus venous); furthermore, NPs will adsorb

proteins and ⁄or lipids at the site of entry, i.e., constitu-

ents of the epithelial lining fluid (ELF) in the respira-

tory tract and different plasma proteins in the blood

compartment. Such secondary coating of NPs occur-

ring at several stages of entry into and biodistribution

to secondary body compartments will affect their kinet-

ics. This can in part explain the different organ dis-

tribution and retention patterns observed in the

aforementioned studies by Rinderknecht et al. [35].

Protein corona and nanoparticles

The underlying concept of differential adsorption for

the biodistribution of NPs has been suggested by

Müller and Keck [36]). It states that physico-chemical

properties of NPs interacting with constituents at the

site of entry into the body determine protein ⁄ lipid
adsorption and desorption patterns on and off NPs –

which are dynamic processes – and this in turn deter-

mines the biodispersion of NPs across barriers and

into target tissues and cells. Indeed, recent studies

have identified adsorption of different serum ⁄plasma

proteins on NPs, their affinity and exchange rates so

that their biological identity through the formation of

a protein ‘corona’ could be defined [37–42]. Deter-

mining the affinity of proteins and lipids for NPs will

be a useful addition for their routine physico-chemical

characterization. One of the higher affinity and slower

exchanging plasma proteins found associated with

NPs by Cedervall et al. [38] is apolipoprotein-E

(Apo-E), to be discussed below.

Of considerable concern were findings from biokinetic

studies that inhaled NPs can translocate via olfactory
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neurons from the nose to the CNS [43], and, depend-

ing on their chemistry, can induce significant inflam-

matory CNS effects [44]. Hypotheses are proposed

that repeat exposures to inhaled NPs, including ambient

ultrafine particles, may accelerate onset of neurodegen-

erative diseases due to the presence of translocated NPs

[45]. Translocation pathways from the respiratory tract

to the CNS are summarized in Fig. 6, and include neu-

ronal, perineural, lymphatic and blood circulation

routes. Each of these routes is likely to involve coating

of NPs with proteins that are probably different and

thereby affect their kinetics. No data are available that

would allow more definite conclusions.

Apolipoprotein-E, mentioned above as one of the

higher affinity proteins for NPs, was identified as medi-

ating delivery of drugs bound to NPs from the blood

circulation to the CNS [46]. It was suggested that coat-

ing of NPs with Apo-E interact with the LDL receptor

on brain capillary endothelium and thereby facilitates

NP endocytosis. We performed intravenous injection

studies with Apo-E coated 20 nm gold NPs in rats to

test this hypothesis. Preliminary results are consistent

with a greater CNS translocation in rats of i.v. adminis-

tered Apo-E coated gold NPs, yet only very small

amounts of <0.01% of the injected dose were translo-

cated, and further confirmatory studies are needed.

Effects and biokinetics of nanotubes

The role and importance of NP translocation and quan-

tifying biokinetics is highlighted by recent findings

Fig. 3 In air: thermodynamic and aerodynamic (larger agglomerates and aggregates) and in liquid: hydrodynamic sizes of pri-
mary NPs, agglomerates (held together by weak van der Waals forces) and aggregates (held together by strong chemical bonds
or sintered) and of agglomerated aggregates (modified from Jiang et al. [71]).
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of the toxicity of fibrous shaped NPs, in particular car-

bon nanotubes (CNTs). Concerns had been raised ear-

lier that NPs of fibrous shape and dimensions and of

high biopersistence, resembling asbestos, may induce

adverse effects similar to those known to be caused by

asbestos exposure, i.e., lung fibrosis, lung carcinoma,

and mesothelioma [47]. Three recent studies in mice

and rats indeed found that injections of multiwalled

carbon nanotubes (MWCNTs) into mesothelial cell

lined body cavities induced asbestos-like pathology.

The first study showed that intraperitoneal injection of

3 mg per mouse of MWCNTs and of the positive con-

trol crocidolite asbestos in p53+ ⁄) mice induced

mesothelioma and increased mortality, in contrast to no

effects in a negative control group injected with fulle-

renes [48]. This study was criticized because of the use

of extremely high doses and poor material character-

ization [49]. The second study compared the effects of

long MWCNTs and long amosite asbestos with those

of short MWCNTs and short amosite asbestos after

intraperitoneal injection of 50 lg in mice [50]. Seven

days after dosing peritoneal inflammation and granu-

loma formation was seen only with the long but not

Fig. 4 Crystal structure of NPs influence their surface prop-
erties and affect their biological and chemical reactivity. For
TiO2 NPs, ranking of the ROS-inducing capacity in a cell-free
phosphate buffer assay is from amorphous (greatest) to ana-
tase to mixed rutile ⁄ anatase to rutile (lowest). In addition, size
dependent response becomes apparent when activity is
expressed per unit surface area [23]. The shape of the ROS
per cm2 activity (expressed as H2O2 equivalents per cm2) of
different sizes of anatase NPs in the cell-free assay is due to
decreasing defects per unit surface area which is likely to exist
also with other NPs (modified from Jiang et al. [27]).

Fig. 5 The biokinetics of NPs in the body differs depending on the portal of entry. The same NPs administered to the lung
(inhalation or intratracheal instillation) or intravenously interact with different biological media and will receive different sec-
ondary coatings. Their entry into the blood circulation is at different dose and dose rates and into blood of different oxygena-
tion states, all of which affect NP biodistribution to secondary target organs.
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the short length MWCNTs and amosite, confirming for

MWCNTs a well established asbestos-like pathogenic-

ity that is associated with long fibres but not with

shorter ones [51]. The third study reported the induc-

tion of peritoneal mesothelioma in rats 37–40 weeks

after intrascrotal injection of 1 mg MWCNTs per kg

bodyweight. The positive crocidolite asbestos

(2 mg kg)1 intrascrotally) did not induce a tumour

response in this study [52]. Collectively, the results of

these studies identify a serious potential carcinogenic

risk of MWCNTs if they reach the pleural cavity after

inhalation exposure. This is disturbing, based also on

our knowledge about the decades long latency period

for the manifestation of pleural mesothelioma that is

associated with exposure to asbestos [53].

However, although the studies described above are

important proof of principle studies which clearly

point to a carcinogenic hazard of MWCNTs, there are

a number of open questions that need to be resolved

before a final assessment can be made. Key is to

determine in vivo the kinetics and effects of inhaled

MWCNTs: do they translocate from the deposition-site

in the lung to the pleura? If so, what is the efficiency

of such translocation in terms of the dose retained in

pleural tissues? What are the dimensions (in particular

length) of the translocated MWCNTs? Do they cause

inflammatory, granulomatous, carcinogenic effects,

and what are the mechanisms? For example, the

impact of impurities (transition metals) can be a

significant source of oxidative stress induction, as has

been shown for iron present in crocidolite [54].

Answering these questions poses many methodologi-

cal challenges. Regarding biokinetics, only one study

could be found that quantified lung to pleura translo-

cation of fibrous particles. Gelzleichter et al. [55]

exposed rats to an aerosol of refractory ceramic fibres

for 5 days and compared fibre length distribution of

the inhaled aerosol to those of the deposited fraction

in the lung and of the translocated fraction in the

pleura. They found that �0.11% of the alveolar fibre

burden reached the pleura at 5 days of exposure, and

that these fibres were no longer than �8 lm, whereas

Fig. 6 Translocation of inhaled NPs to the brain involves different routes from deposition-sites in both the lower and upper
respiratory tract. Routes include lymphatic, blood, neuronal and perineural pathways. Amounts translocated are low to
extremely low because of the tight barrier function of BBB and CFBB. The physiologically low access of NPs to the CNS by
circulatory routes prevents an easy targeting of this vital organ by potentially harmful NPs, provided that barriers remain intact;
modifying NP surface properties can increase NP translocation to CNS structures for therapeutic purposes. However, physio-
logical neuronal translocation pathways in the upper respiratory tract could be of concern with respect to induction of CNS
toxicity.
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in both the aerosol and in the lung fibres up to 50 lm
long were present (Fig. 7). This result may indicate

that we need to consider also short fibres as potential

contributors to an inflammatory response in pleural

tissues. This would be consistent with findings of

mainly short asbestos fibres in autopsied human lung

and pleural tissues by Dodson et al. [56] who con-

cluded from their analyses that fibres of all lengths

contribute to pathological responses. With respect to

CNTs, this conclusion is at variance with the findings

of Poland et al. [50] and Muller et al. [57] who did

not observe inflammation, granuloma formation or

mesothelioma in rodents following i.p. injection of

short (<5 or 1 lm) MWCNTs. One explanation could

be that open lymphatic channels in the parietal pleura

and the diaphragm serve as efficient clearance path-

ways for short fibrous particles and that their occlu-

sion in pleural disease states prevents such efficient

clearance and results in prolonged short fibre retention

and interactions with mesothelial cells [58–60]. Even

nonfibrous particles are translocated from the lung to

the pleura, as demonstrated by Davis et al. [61] with

TiO2 and quartz inhaled together with asbestos by

rats. They may contribute to granuloma formation if

pleural clearance pathways are blocked.

At the end of this section on biokinetics ⁄ translocation
a few comments are in order about dosimetric impli-

cations when designing studies of and interpreting

results from intracavitary injection studies. As cau-

tioned earlier, high doses and dose rates have to be

viewed and compared vis-a-vis realistic in vivo dos-

ing. Considering a study in which 3 mg MWCNTs

are injected intraperitoneally in rats with a peritoneal

surface of �600 cm2, that would be equivalent to

22 mg for the alveolar surface (�4400 cm2 rat alveo-

lar surface). Assuming a 20% deposition efficiency of

inhaled MWCNTs over an 8 h exposure period, that

would require an inhaled concentration of 1.1 g m)3,

which is hardly achievable. Considering instead a still

high, but more realistic, inhaled concentration of

1 mg m)3, this would result in a translocated pleural

dose of only 23 ng, using a translocation efficiency of

0.11% of the alveolar burden [50]. This is quite obvi-

ously in stark contrast to bolus doses of 50–3000 lg
injected intraperitoneally in rodent studies.

Nanotubes in nanomedicine

A tumourigenic potential of single-walled carbon

nanotubes (SWNTs) has not been investigated as of

now. Several studies with SWCNTs administered to

the lung of mice by oropharyngeal aspiration (20 lg
per mouse) and by inhalation (5 mg m)3; 5 h day)1,

4 days) reported inflammation, granuloma formation

and fibrosis in the lung, pleural responses were not

determined [62]. SWCNTs are investigated for use in

drug delivery in animal studies; they were shown to

Fig. 7 Size distribution of refractory ceramic fibres isolated from aerosol and lung and pleura of rats after 5 days of inhalation
exposure. Only short fibres (<10 lm) translocated from pulmonary deposits of all fibres (up to �50 lm long) to the pleura,
suggesting that short fibres – if not cleared from the pleural space – also contribute to pleural pathology (Reproduced from
Gelzleichter et al., 1996 [55] with permission; Oxford University Press; original Fig. 2).
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be effective in delivering an anti-tumour agent (paclit-

exal) to retard tumour growth successfully in a mouse

model of breast cancer [63]. The investigators con-

cluded that nanotube drug delivery is promising for

cancer therapy with high treatment efficacy and mini-

mum side effects. Biodistribution studies identified

liver and spleen as main organs of SWCNT accumula-

tion, without showing liver toxicity up to 25 days

postadministration. Thus, although this study did not

identify short-term toxicity potential long-term effects

were not evaluated which should be part of testing for

toxicity in nanomedicine as it is for safety assessment

of ENMs in consumer products if exposures of con-

sumers to ENMs is to be expected. Expected benefits

have to be carefully weighed against potential risks.

Safety assessment

Hazard and risk characterization

Toxicity testing of ENMs using in vitro or in vivo
assays is aimed at identifying a potential hazard by

establishing dose–response relationships for character-

izing such hazard. However, because a risk of adverse

effects associated with ENMs is a function of hazard

and exposure [risk = f (hazard; exposure)], the gener-

ally accepted approach is to incorporate both compo-

nents into a risk assessment paradigm, consisting of

Hazard Identification, Hazard Characterization, Expo-

sure Assessment and Risk Characterization [64] so

that appropriate risk management decisions can be

made. As is emphasized throughout this article, toxic-

ity studies using very high doses can certainly iden-

tify a NP as hazardous, in fact one can argue that any

NP given at high enough doses will induce a signifi-

cant ‘toxic’ effect. The question is, at what dose does

it occur, what assay is used, in short, how realistic is

the study for in vivo exposure conditions? Even rather

benign TiO2 NPs administered at high enough doses

when given repeatedly by inhalation causes lung

tumours in rats due to lung overload [65]. Therefore,

it is desirable to develop and validate simple non

in vivo assays for the purpose of predicting in vivo
responses in order to reduce and avoid extensive

testing using laboratory animals. In parallel, efforts

should be made to obtain data on exposure levels

occurring for workers at NP manufacturing sites

despite best occupational hygiene conditions, as well

as for anticipated consumer exposures to nano-

enabled products. With respect to nanomedicine, those

applications that involve intentional administration of

nanotechnology-based therapeutics and diagnostics to

the body in vivo will always be mandatory.

A working group of the International Life Sciences

Institute suggested a tiered testing system to assess

NP toxicity [66]. Table 4 lists the different stages,

which include an emphasis on detailed physico-chem-

ical characterization prior to and during subsequent

testing in cell-free, cellular and in vivo assays. Studies

designed to determine whether in vitro assays are pre-

dictive for in vivo effects have come to opposite con-

clusions. Seagrave et al. [67] compared particulate

emission samples of seven different types of diesel

and gasoline engines in terms of their in vitro mutage-

nicity (bacterial assay) and in vivo inflammatory ⁄his-
topathological responses and found generally parallel

toxicity rankings between the in vitro and in vivo
assays. They cautioned, however, that additional

research is warranted to determine whether the find-

ings of their study can be generalized. In contrast,

little correlation between in vitro and in vivo results

was found, when the toxicity of fine and nanoparticles

was assessed in alveolar macrophages and a pulmo-

nary epithelial cell line and then compared to the

in vivo pulmonary inflammation induced by the same

particles in rats [68]. These authors had applied a

Table 4 Tiered testing system to assess NP toxicity (ILS1
Report):[66]

– Physico-chemical characterization

– Cell-free assays (solubility; ROS generating potential; chem-

reactivity; agglomeration ⁄ aggregation; zeta potential; other)

– Cellular assays [primary cells; cell-lines; (primary and

secondary organs); co-cultures]

– In vivo assays [generally rodents; diverse methodologies

(resp. tract; skin; GI-tract)]

Question

Can any of the in vitro tests be used to predict in vivo toxicity?
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wide range of doses in their in vitro assays and two

doses in vivo given intratracheally. They concluded

that more sophisticated in vitro cell cultures are to be

developed and validated to gauge the relative toxicity

of inhaled particles in vivo.

A new approach to predictive toxicity testing was

suggested by Rushton et al. [69] by analysing in vitro

and in vivo dose–response curves to determine their

steepest slope as a point for comparison (Fig. 8).

Using as dose-metric the NP surface area for estab-

lishing the dose–response relationship, the steepest

slope is equivalent to the maximum response per unit

NP surface area which was proposed as a novel

response-metric. Using this concept, Rushton et al.
[69] reported that results of in vitro cell-free and cel-

lular assays had a good predictive power for in vivo

inflammatory responses as determined in a pilot study

involving eight NPs of different physico-chemical

composition and reactivity. To test their approach fur-

ther the investigators applied this response-metric con-

cept to the results of the above-mentioned study by

Sayes et al. [68] who had not found a satisfactory

in vitro–in vivo correlation. When their in vitro and

in vivo effect data were converted to responses per

unit surface area (Fig. 8), the result showed a highly

significant in vitro–in vivo correlation [69]. The

authors also suggested to use this response-metric for

creating a hazard scale, based on the NP’s reactivity

per unit surface area, as derived from the analysis of

the dose–response relationships. Such hazard category

could be based on different end-points measured in

specific assays as illustrated in Table 5. A hazard

Fig. 8 Analysing complete
dose–response relationships
(from no-effect to supra-maxi-
mal effect doses, upper part of
figure) of in vitro and in vivo
assays of NPs to determine the
steepest slope as an appropriate
point for comparing responses
across assays. This defines a
response-metric in terms of the
maximum response per unit
dose (mathematically the first
derivative, lower part of the
figure). Using NP surface area
as dose-metric for expressing
the response-metric results in
the best fit for correlating in vitro
with in vivo responses. This
concept needs to be validated
with a broad range of NPs.

Table 5 Example of categorizing NPs by a hazard scale [69]
(based on maximum effect per unit NP surface as derived
from dose–response curves, Fig. 8)

NP-type Size (nm)

Hazard

category

Carbon black

TiO2 (anat.)

41 (aggregated)

20 (aggregated)

Very low

TiO2 (anat. ⁄ rut.)
Polystyrene

Au

25 (agglomerated)

60 (positive charge)

50

Low

Ag 35 (aggl. ⁄ aggreg.) High

Cu 40 (aggl. ⁄ aggreg.) Very high

Example is based on pulmonary inflammatory response in rats (elic-
ited neutrophils per cm2). Other in vitro or in vivo end-points can
be selected, e.g., ROS per cm2; PMN per cm2; LDH per cm2; MN
per cm2; Prot.Aggr. per cm2.
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defined this way would be of practical relevance

because NPs are then categorized based on their bio-

logical activity rather than by a physico-chemical cat-

egory (e.g., metal; metal oxides; polymers). This

metric of reactivity per unit NP surface area may also

be a better surrogate for a biologically available

surface than just NP surface area alone as discussed

in the dose-metric section.

As mentioned at the beginning of this section, obvi-

ous limitations of toxicity testing are that they identify

and characterize a hazard, whereas for a quantitative

risk assessment additional exposure data are required.

Furthermore, in vitro assays provide information for

acute toxicity only, and validated methods of extrapo-

lating acute in vitro assay results for predicting

chronic in vivo effects have not been developed.

Concluding remarks

Calls for more toxicological information that will help

to protect workers’ and the public’s health reflect an

increased concern about the potential dangers of nano-

technology. However, raising fears based on a per-

ceived risk that originates from dubious data is not

helpful. However, although many or even most ENMs

with a potential for human exposure are not likely to

induce adverse effects, it may well turn out that some

could cause an asbestos-type disaster if uncontrolled. A

tragic case in point appears to be a recent report about

worker exposure to heated polystyrene fumes and poly-

acrylate NPs in an unventilated confined space for sev-

eral months, resulting in progressive pulmonary

fibrosis, pleural effusions and granuloma formation

with fatal outcome [70]. Regardless as to whether the

NPs had caused the severe pathology – which is unclear

based on the information provided – holding on to

extremely poor industrial hygiene conditions at the

workplace was completely irresponsible. Preventing

exposure is key, and that can readily be achieved today

with appropriate engineering technology and personal

protection equipment.

Efforts aimed at preventing a repetition of past

mistakes include the identification of ENM properties

that trigger toxicity (e.g., contaminants; impurities,

defects), and to remove them in order to design ‘safe’

ENMs. Even without being able to perform a quanti-

tative risk assessment for ENMs due to the lack of

sufficient data on exposure, biokinetics and organ

toxicity, until we know better it should be made man-

datory to prevent exposure by appropriate precaution-

ary measures ⁄ regulations and by practicing best

industrial hygiene to avoid future horror scenarios.

Nanotechnology, nanomedicine and nanotoxicology

are complementary disciplines aimed at the improve-

ment of human life: nanotechnology has a bright

future with multiple applications in many areas

including engineering, optics, energy, consumer prod-

ucts. Nanomedicine will develop applications for

novel and superior diagnostic, therapeutic and preven-

tive measures. Nanotoxicity provides for the necessary

safety assessment of nano-enabled products. Exciting

achievements based on nanotechnology and nanomed-

icine await us in the future; yet there are as many

challenges to get it right and recognize and avoid

potential risks associated with these new develop-

ments where nanotoxicology will have a crucial role.

Essential for the successful present and future devel-

opments is a multidisciplinary team approach involv-

ing material scientists, physicians and toxicologists

who work closely together.
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